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COMPOSITION SURVEYS OF TEST GAS PRODUCED BY A
HYDROGEN~-OXYGEN-AIR BURNER

James M. Eggers

Langley Research Center

SUMMARY

As a result of the need for a uniform hot gas test stream for fuel injec-
tor development for hydrogen fueled supersonic ramjet combustors, an experimen-—
tal study of the effect of varying the injector configuration of a hydrogen-
fueled oxygen-replenished combustion burner was made. Measurements used to
investigate the burner-nozzle exit profiles were pitot pressure and gas samples.
By use of the gas sample measurements and helium tracer gas in the oxygen supply,
burner-nozzle exit distributions of the three supply gases to the burner, air,
oxygen and hydrogen were determined. As complete combustion occurred within
the burner, it was possible to estimate local temperature from the local gas
composition measurements. Initial unsatisfactory gas composition profiles and
associated temperature profiles were reduced to an acceptable level by progres-—
sive burner hydrogen-injector modifications. The final modifications consisted
of relocating the hydrogen injectors and installing a baffle in the plane of
the hydrogen injectors which effected a redistribution of the hydrogen fuel,
increased the air pressure drop, promoted premixing of the oxygen and air, and
established a uniform flow pattern where the oxygen-air mixture comes into con-
tact with the hydrogen fuel. It is believed the most sensitive phenomenon
which affected the composition profiles was the uniformity of the air distribu-
tion supplied to the combustion chamber. Therefore, designers of combustion
burners must recognize the necessity to accept significant air pressure drop to
achieve the required uniformity of air distribution. It was observed that evern
when severe hydrogen composition and thus large temperature gradients existed,
no significant effect on the burner-nozzle pitot pressure was observed. This
fact emphasizes the necessity for local gas composition measurements in order
to assess the uniformity and thus acceptability of combustion burner performance.

INTRODUCTION

In order to achieve the capability of designing fuel injectors for super-
sonic combustion ramjet vungines, a suitable uniform hot gas test stream is
required. The hot test siream is used to develop and evaluate particular fuel
injector configurations, thereby controlling the heat release distribution, and
optimizing the combustor design. A hydrogen-fueled, oxygen-replenished burner,
as discussed in this report, is one means of providing the hot gas for hydrogen

Haarae - 0

o TG



o e e TN ROy

[V

combustion studies. The burner test gas simulates air to the extent that it
contains the proper enthalpy, oxygen volume fraction, and total pressure
corresponding to specified flight conditions. The engineering analysis and
design calculations for the burner are given in reference 1.

An earlier study reported in reference 2 was conducted to determine the
performance of the burner as a2 function of the burner exit throat area. The
burner exit geometry for the referenced study consisted of a choked circular
orifice formed by boring a hole in a flange bolted on the burner exit. Various
nozzle sizes (throat areas) were simulated by enlarging the orifice in the
flange. Reference 2 found a significant temperature profile in the burner exit
flow. It was concluded that the measured burner exit temperature profile had
a local peak total temperature more than 30 percent greater than the theoreti-
cal bulk temperature. The test conditions for whic!: the temperature profile
were observed are a burner stagnation pressure of 0.t9 MN/m?, a burner total
temperature of 1470K and an orifice diameter of 8.89 cm. 1t was suggested in
reference 2 that the temperature profiling couvld be alleviated by relocating
the ring of hydrogen injectors in the burner.

For current combustion studies a Mach 2.70 two-dimensional contoured nozzle
replaces the orifice flange used in the study of reference 2. (See figure 1.)
The throat area of the two-dimensional nozzle is smaller by a factor of 3.4
than the orifice area corresponding to the measured temperature profile in the
referenced study. Preliminary test results with the two-dimensional nozzle
indicated a temperature profile problem in the nozzle exit flow similar to that
reported in reference 2. For fundamental combustion research studies it is
essential that the test gas flow be relatively uniform in pressure, temperature,
and composition as skewed profiles do not lend themselves well to analysis or
permit ready comparison to other combustion results.

The study reported herein was conducted to investigate the burner-nozzle
exit flow for nonuniformities and modify the burner injectors as necessary to
produce a relatively uniform test gas flow. Burner stagnation pressures ranged
from 2.0 to 2.6 MN/m? and stagnation temperatures from 2020 K to 2330 K for
the present study. Compared to the test conditions of reference 2, the cur-
rent study was conducted at higher pressures (on the order of 2.9 to 3.8 times
higher) and at higher temperature (on the order of 1.4 to 1.6 times higher).

It is noted that the interaction and coupling that occurs in mixing and
reacting flows, such as occurs internal to the burner, are not generally ame-
nable to analysis. Therefore, the method of eliminating undesirable profiles
at the burner-nozzle exit was accomplished by progressive hardware modifications
until satisfactory distributions were achieved.

Unfortunately, test gas temperatures of interest for this study generally
exceed the melting point for conventional high temperature thermocouple materi-
als such as Ir-Ir/Rh, particularly when profiling occurs. Thus, thermocouples
as used in reference 2 were not applicable to this study. Furthermore, optical
devices such as the spectrophotometer, which was used in reference 3 for infer-
ring temperatures and water concentra%ions, suffer severe limitations in useful-
ness due to the high noise and vibration level of the test environment.
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Therefore, in the study reported herein, uniformity of the burner-nozzle test
gas was deduced from instream pitot pressure and gas sample measurements.
Results are presented as buraer-nozzle exit distributions of hydrogen, oxygen,
and air expressed in the unrvacted state, and estimated temperature variations
deduced from the gas composition.

SYMBOLS
h burner-nozzle exit height (see figure 2(c))
; Pt b measured burner stagnation pressure
£ ]
?
; Pt 2 local pitot pressure
3
3; b measured burner stagnation pressure divided by the stagnation
? pressure required to fully expand the burner-nozzle
Tt b theoretical burner stagnation temperature
]
W burner-nozzle exit width (see figure 2(c))
y burner-nozzle lateral coordinate (see figure 2(c))
: z burner-nozzle vertical coordinate (see figure 2{(c))
E; local mass fraction of air deduced from the gas sample analysis
divided by the bulk (average) mass fraction of air computed from
the measured air flow rate to the burner,defined by equation 17
of Appendix A
E; local mass fraction of oxygen deduced from the gas sample analysis
divided by the bulk (average) mass fraction of oxygen computed
from the measured oxygen flow rate to the burner, defined by
equation 18 of Appendix A
Eg local mass fraction of hydrogen deduced from the gas sample analysis

divided by the bulk (average) mass fraction of hydrogen computed

from the measured hydrogen flow rate to the burner, defined by
equation 19 of Appendix A

ity Mt et 5

APPARATUS AND PROCEDURE

Combustion Burner

A schematic of the combustion burner is shown in figure 1. The burner
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hardware differs from that used in reference 2 in that a two-dimensional Mach
2.70 nozzle replaces the orifice flange used in the referenced study. The
nozzle has an exit height of 3.81 cm and a width of 17 e¢m. The water cooled
copper nozzle was designed for uniform parallel flow at the exit and was coated
with a 0.13 to 0.25 mm thick thermal protection layer of zirconium oxide. The
nozzle, burner, and test hardware are cooled by a high pressure water system.

In typical combustion test programs, sufficient oxygen is supplied to the burner
such that the resulting test gas simulates air by containing the same volume
fraction of oxygen as air. The principal difference between the test gas and
air is that due to formation of water from the hydrogen-oxygen reaction, the
resulting test gas contains a significant percentage of water. For example,

at 2200K the Mach 2.70 test gas contains approximately 36 percent water by
volume. For this test program 1 to 2 percent heliuw by volume was added to the
stored oxygen supply as a tracer in order to map the Jistribution of this ~xygen
at the burner-nozzle exit. The distinction between pure oxygen and the stc-ed
oxygen is not made in the discussion of the data and figures in the main body

of this report, as the difference in terms of the final data is insignificant.
However, it is necessary to make the distinction in Appendix A which describes
the "Gas Sample Data Reduction Procedure.”

Various burner injector schemes were tried in order to achieve reasonably
uniform burner-nozzle exit profiles. As these injecter configurations were
progressive in nature and directly associated with the data presented, the
injector geometry will be described in the section entitled "Results and
Discussion."

Principal measurements consist of oxygen, hydrogen, and air flow rates
which are measured by use of sharp-edged orifice plates. ( oling water flow
rates, and temperature rise and burner stagnation pressure are other required
measurements to define burner operating coaditions. These and other associated
measurements are recorded by use of a computer controlled magnetic tape data
system. Particular pressures, flow rates, and flow rate ratios are computer
calculated and immediately displayed post-run to assess whether desired test
conditions were achieved.

Survey Rake

A nine prob. pitot~gas-sampling-rake was traversed vertically in steps
across the narrow dimension of the nozzle exit flow. A schematic of the snrvey
rake and probe tip detail is shown in figures 2(a) and 2(b), respectively. A
water flow rate of 2.2 Kg/sec is used to internally cool the rake. This water
then flows through the probe tip units and exhausts rearward providing additiomal
cooling of the external rake surfaces. The coordinate system used to describe
the probe's position in the nozzle exit is shown in figure 2(c).

During a typical run time of twelve to fifteen seconds, an automatic rake
positioner mechanism permitted a five-point pitot scan (total 45 pitot measure-
ments) or collection of nine gas samples with nine associated pitot pressure
measurements. Signals from the transducers that sense the pitot pressure are
recorded on an oscillograph for later reduction.
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Based upon measurements taken during calibration of the probe travel, the
repeatability of the probe positioner is * 0.025 cm. However, during data
acquisition, aerodynamic and heating loads on the rake and probes could increase
the uncertainty substantially.

GCas Sample Collection System

Each of the nine individual probes is connected to a pressure transducer
and a 75 cc gas sample cylinder. The exhaust side of each cylinder is in turn
connected to a vacuum reservoir system which allows prerun evacuation of the
cylinders and aspiration of the flow through tl:e probe-cylinder system. The gas
samples are collected by the following procedure: immediately after the rake
is inserted into the flow one second is allowed for pitot pressure recording,
three seconds for purging of the tubing and sample c¢;linder, and three seconds
for sample collection. Samples collected in this manner are on the order of
two or three times the ambient pressure level. The sample coliection system is
not heated; therefore, water in the gas sample condenses and the gas samples
do not contain meaningful water content. The gus sample cylinders are removed
from the collection -ack and analyzed post-run.

As to whether the gas samples collected are representative of the actual
test gas stream is difficult to determine in reactive flows. (For a discussion
of the general problem, see reference 4.) Conc :ptually representative sample
collection requires rapid sample cooling to quench the chemical reactions,
avoidance of a strong unattached bow shock, and isokinetic (or coustant velocity)
sampling. These features have been incorporated in the probe tip design shown
in figure 2(b) and as much as feasible in the sample collection procedure. Rapid
sample cooling is accomplished by conduction from the water-cooled probe and the
internal expansion of the probe tip. Shock attachment is encouraged by minimizing
the probe tip angle, using a sharp-tipped probe leading edge, internal expansion,
and aspiration of the sample during the purge time, and to some degree during
sample collection due to the pre-evacuation of the sample cylinders. Isokinetic
sampling is probably never actually achieved in turbulent reacting flows as the
local velocity varies with time; however, the same features which encourage shock
attachment would tend to encourage conditions approaching the isokinet’c process.

In the current study, how uniformly a given burner injector arrangement
distributes the gases (hydrogen, oxygen, and air) can be evaluated regardless
of the sample quenching ability of the probe. However, if further conclusions
as to whether the burner operates with complete combustion or if temperature
estimates, as discussed in the following section, are derived from the measured
gas composition, then the results depend upon the probes quenching ability.

Gas Sample Analysis

Gas samples were analyzed for oxygen, nitrogen, hydrogen, and helium con-
tent by conventional gas-solid chromatography techniques. Details on the con-
cept of gas chromotography will not be discussed herein, as standard text books
such as reference 5 are readily available. Briefly, the separation of the
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sample into components is accomplished by passing the sample through a column
packed with type 13X molecular sieve material. The amount of each gaseous
component present is sensed by thermistor detectors and recorded on a strip
chart recorder. The recorder output peak heights from the separated gas sample
are compared to peak heights for samples of known composition, thus determining
the amount of each constituent present. Gas chromatograph parameters are pre-
sented in Appendix B.

To define the test gas stream it was necessary to know the local coancen-
trations of helium, hydrogen, oxygen, nitrogen, argon, and water. However,
as water condensed in the unheated gas sample lines, the samples collected did
not contain meaningful water content. Therefore, the water concentration was
computed by the method described in Appendix A, which relies largely upon the
use of the helium tracer. The final gas sample resul;s were converted to local
concentrations of air, hydrogen, and oxygen (all in the unreacted state). Mal-
distributions of any of the three supply gases in the burner nozzle exit were
therefore related to the associated injector arrangement in the burner.

A further result of the gas sample analysis was an estimate of the local
temperature. Assuming representative gas samples are collected, isentroplc
equilibrium expansion through the burner-nozzle, and complete reaction, the de-
duced local hydrogen concentration becomes a measure of temperature. For the
local gas sample as well as for the overall burner, the ratio of hydrogen to the
sum of the air and oxygen defines a temperature computed from equilibrium chemis-
try (see figure 25 of reference 2) and a heat loss fraction of 13 to 15 percent,
which has been found to be representative of the burner for the temperature range
of this study. The assumption of cowplete reaction appears well justified in
that no free hydrogen was detected in ony of the gas samples collected.

For each gas sample analyzed a check is made on the analysis by summing
the volume fraction of all components, including argon which is calculated from
the nitrogen percentage. Analysis of several hundred gas samples indicate that
summations were 1.0 * 0.01 for about 90 percent of the samples. As numerous
sources of error are possible in analysis ranging from improper injection loop
purging to calibration shifts in the instrumentation, the # 0.01 summation
accuracy 1is considered good. All gas analysis results reported herein satisfy
the * 0.01 summation criteria. Note this criteria does not necessarily detect
errors in helium analysis, «s the helium volume fractions are low enough that
their values do not significantly affect the summation.

Test Procedure

The burner is brought to test conditions by establishing cooling water and
air flow rates, lighting a hydrogen-oxygen fueled ignitor, establishing a pilot
level hydrogen flow rate (about 20 percent of the total hydrogen flow required
for the test), and establishing the full desired hydrogen and oxygen flows to
the heater. Performance plots necessary to determine the relative flow rates
of the supply gases for a desired test condition are given in reference 2.

During the typical test time of twelve to fifteen seconds used for the
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study reported herein, the rake is injected into the test stream and either gas
samples or pitot pressure measurements are made. (Refer to the section on Appa-
ratus and Procedure for details of the gas sample cocllection and pitot pressure
measurement capabilities.) Simultaneous with the rake measurements a computer
controlled data scan is performed to define the attained burner test conditions.

For the bulk of the test data acquired to evaluate the different injector
configurations the nozzle operated slightly overexpanded. This was purposely
done to conserve air and propellants once no apparent effect of burner stagna-
tion pressure was detected on various sets of data. Burner total temperature
varied from 2020 K to 2330 K from configuration to configuration, that is, no
single value of burner test conditions was emploved to study all injectors; how-
ever, the variation is not considered broad enough to prevent comparison of the
effects of one injector design with another.

DATA ANALYSIS PROCEDURE

In order to evaluate the gas composition measurements taken from the burne.-
nozzle exit flow, and thereby determine the adequacy of the burner injectors, it
is necessary to account for not only the amount of each gas constituent present,
but also its source. (A compiete outline of the gas sample data reduction pro-
cedure is in Appendix A.) For example, the oxygen measured locally could come
from the air supplied or the oxygen supplied to the heater. Therefore, 1 to 2
percent of helium by volume was introduced into the stored oxygen supply. The
exact percent of helium was determined from a gas chromatograph analysis of the
oxygen. It was then possible to trace the air through the burner by the use of
the nitrogen in air, and to trace the oxygen through the burner by the use of
the helium. The total oxygen which should be at a local point in the flow, can
thus be calculated from the nitroger and helium measured at a local point. The
difference between the calculated and measured oxygen is proportional to the
amount of water formed. From the water computed, and tl:e free hydrogen measured
the local hydrogen distribution may then be caluclated. It is noted that free
hydrogen was not detected for any of the injector configurations, which indicates
within measurement accuracy, that complete combustion was obtained.

RESULTS AND DISCUSSION

Original Injectors

The original burner injector configuration is shown in figure 3(a). It is
seen that the original oxygen inlectors consisted of twelve equally spaced in-
jectors on a circle of 6.67 cm radius, all supplied from a common toridal mani-
fold. The twelve hydrogen injectors were equally spaced between the oxygen in-
jectors, but on a circle o: 4.5 cm radius. Both injectors consisted of 1.59 cm
hex-shaped, flat-faced bodies which exhausted the hydrogen and oxygen parallel
to, and in the direction of the air flow. The exit plane of both injectors lay
in approximately the same plane. None of the supply gas streams, air, hydrogen,
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or oxygen were choked; however, no pressure oscillations were noted for this or
any other injector configuration reported herein.

Data from the burner-nozzle exit are presented in figures 3(b), (c), (d)
and (e). Figure 3(b) presents the ratlio of pitot pressure to burner stagnation
pressure laterally across the burner-nozzle exit and at eight vertical locations
z/h  from 0.2 to 0.87. For this particular data the nozzle is essentiaily fully

expanded, and the measured Pt 2/Pt , compares well with a theoretical value of
’ ]

0.35 which was computed from isentropic flow relations with a representative

value of the ratio of specific heats of 1.25. Values of the ratio of measured

to theoretical burner stagnation pressure for ful.i nozzle expansion, Pt b and
’

theoretical burner total temperature T are giver on all data figures. The

t,b
value of the theoretical burner stagnation pressure tsed was 2.76 MN/m2 as re-
ported in reference 6 for similar test conditions. The theoretical burner total
temperature was computed by the method discussed in Appendix B of reference 2
assuming complete combustion and using an applicable heat loss of 13 to 15 per-
cent of the heat added by combustion. The data band in figure 3(b) shows slight-
ly larger scatter for y/w » 0. Evident in these¢ data and essentially all sub-
sequent data, is a higher than average .itot pressure at the left of the figure
and a lower than average pitot pressure to the right of the figure. Whether

this trend is indicative of asymmetry of the nozzle flow or inaccuracies in
pressure measurement is uuknown. Consiaering the wide band of values of z/h
represented in the data of figure 3(b) the distribution is quite acceptable.

Figure 3(c) presents the local mass fraction of air divided by the bulk (or
average) mass fraction. The data are presented in the unreacted state as computed
by the method outlined in Appendix A. Presentation of the data in the unreacted
state allows distributions of air, oxygen, and hydrogen to be examined individu-
ally to infer how well each injector configuration performs. Values of the ratio
of loca’ to bulk mass fractions of unity for air, oxygen, and hydrogen through-
out the nozzle exit region corresponds to perfect mixing. Random deviations
from unity of a few percent can be expectcd because of errors in sample collec-
tion and sample analysis. Besides the random error, an uncertainty will be
associated with measuring the air, hydrogen, and oxygen flow rates, thus effect-
ing the computed bulk mass fraction. Errors in the bulk mass fraction could be
expected to shift the local to bulk values up to several percent either side of
unity, but uniformly for a given set of test data. Skewed profiles having defin-
itive distributions are not likely to result from either of the above sources of
error. No significant nonunifoimity in air distribution is apparent in the data
of figure 3(c). However; some random scatter and evidence of relatively lower
air concentration at z/h of 0.3 and higher air concentration at z/h of 0.9
is noted.

Figure 3(d) presents the local mass fraction of oxygen (from the stored
oxygen supply, which excludes the oxygen in the air supply) divided by the bulk
oxygen mass fraction. For values of z/h where the air concentration in figure
3(c) 18 low the oxygen distribution in figure 3(d) appears high relative to
unity, and vice versa. This trend is expected as the air and oxygen make up the
bulk of the mass of the flow; therefore, a significant local excess of oxygen
would be accompanied by a local shortage of air. With the exception of data for

8
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z/u = 3.0, the data indicate slightly lower oxygen concentration in the middle
of the flow, y/w near 0.0, with the profile slightly skewed to the left. The
low oxygen data point which appears inconsistent (y/w = -0.336, z/h = 0.63) 1is
related to a lower than typical measured helium concentration, and is probably
in error.

Figure 3(e) presents the local hydrogen to bulk hydrogen mass .czac'.' |
ratio. Since no free hydrogen was detected in the gas samples, ! 'an hyarc.'n
concentration is indicative of high temperature. The effect of the pirobe oua
temperature estimates has been discussed in the section entitled 'Gas Sample
Collection System." The data suggest a trend of decreasing temperature with
increasing z/h. They also show large gradients in temperature, most piominent
in the vertical (z direction) short dimension and indicate some large profiling
in the lateral (y direction) at z/h of 0.30 and 0.63. Estimates of the temper-
ature range corresponding to the data range irom 2090 K for =z/h of 0.9 to
2580 K at z/h of 0.3; values are shown on the figure. These temperatures were
estimated as discussed in the sectlon entitled ''Gas Sample Analysis."

It is noted that the mean of the hydrogen data of figure 3(e) taken over
the burner-nozzle exit region is somewhat greater than unity. This effect has
been observed for other hydrogen data, as in the final injector configuration
discussed later in this report. This indicates experimental error as discussed
previously in this sect. . However, lateral profiling as in the data at z/h
of 0.30 and 0.63 is sufficient to demonstrate the unsatisfactory performance of
the original injector configuration.

It was concluded a significant temperature profile existed in the two-
dimensional burner-nozzle exit flow similar to the profile found in the study
of reference 2. Direct comparisons between profiling effects were not attempted
because of the different geometries involved. It was noted in reference 2 that
only 1/4 of the air flow area was inside the hydrogen injector ring. It was
therefore suggested in reference 2 that the temperature profile could be smoothed
by relocating the hydrogen injectors. As a result of this suggestion, the number
and location of the hydrogen injectors was modified to attempt a more equitable
distribution of the hydrogen with respect to the air.

Thirty-six Tube Hydrogen Injectors

The first modification to the injector system was a t*irty-six tube hydrogen
injector array as shown in figure 4(a). The geometric arrangement consists of
six injectors on a circle of 2.62 cm radius, twelve injectors on a circle of
5.36 cm radius, and eighteen injectors on a circle of 7.82 cm radius. These in-
jectors were spaced such that each injector fueled approximately equal area
segments of the burner cross section at the injector location. The injectors
were fabricated by brazing 0.138 cm 0.D. stainless steel tubing into a pipe nip-
ple wkich screwed into the original injector fitting. The injector tip shape
for this injector modification is shown on figure 4(a). The adapters which con-
verted the original twelve injectors to the thirty-six tube array were sized
such that the tips of the hydrogen injectors were approximately 22.8 cm down-
stream of the oxygen injector exit plane. The exit flow area of the thirty-six
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tubes were approximately the same as the original injectors. The oxygen injec-
tors were the same as the original.

Figure 4(b) presents nondimensional pitot pressure distributions at three
vertical heights in the nozzle exit. The distributions at the three heights
agree well in trend. However, the pitot pressure distribution for z/h of 0.21
1s higher than the other data because of operation at a lower burner total pres-
sure. No lateral gradients of consequence are evident in the data.

Figure 4(c) presents nondimensional local to bulk air distributions deduced
from the data. Low values are noted on the left side (y/w < 0) of the nozzle
for z/h of 0.21. The couverse is true for the local to bulk oxygen distribu-
tions of figure 4(d).

Figure 4(e) presents the deduced local to bulk hvdrogen distributions.
Surprisingly, the thirty-six tube injectors produced a severe lateral hydrogen
gradient at all three vertical locations. Temperature estimates shown on figure
4(e) fer the extremes show a temperature gradient of 700 K. Qualitative sub-
stantiation for a high temperature at the left of the burner exit, as shown, was
evident from visual observation of the heating seen on thie pitot-gas sampling
rake and other experimental hardware. The reason for the unsatisfactory behav-
ior of the thirty-six tube injector configuration is not fully understood; how-
ever, it is observed the thirty-six tube injectors were thin bodies relative to
the original blunt-body flat-faced injectors. The thin-body injectors (thirty-
six tube configuration) would not have :zhe flame attachment or stabilization
characteristics as would the flat-faced injectors. It is suggested that the
entire flow pattern within the burner may have been altered depending upon where
the flame stabilized within the burner, vhich depended upon the type of injector
used. It is noted that due to the low air veloc ties in the burner (on the crder
of 3 to 10 m/sec), the flow would be sensitive to small disturbances. 3u~ -
turbances could be associated with the location of the flame within the x.
Conjecture about the difference between the thin- and blunt-body type : ‘g ors
led to a return to a blunt-faced injector configuration.

Lengthened-(ffset Hydrogen Injectors

This next injector configuration is shown in figure 5(a). It incorporated
the blunt-body injector shape of the original injectors with the suggestion of
reference 2 that proper radial location of the fuel injectors could eliminate
the large temperature profile observed. Significant maldistribution of oxygen
had not been observed from the oxygen injectors used, and approximately 50 per-
cent of the air flow passed on each side of the oxygen injector ring which
tended to support the argument for radial relocation of the hydrogen injectors.
The hydrogen injectors were therefore located on nearly the same diameter as the
oxygen injectors hut staggered between them. The tips of the hydrogen injectors
were about 20.3 cm downstream of the oxygen injector plane, with the original
oxygen injectors being used for this configuration.

Typical pitot pressure, local to bulk air, and local to bulk oxygen distri-
butions are shown in figures 5(b), 5(¢), and 5(d) for two values of z/h. The
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pitot data of figure 5(b) show slightly more scatter than the previous two con-
figurations. (See figures 3(b) and 4(b).) The mean level of pitot pressure of
figure 5(b) is also near the value (0.4) of the data of figure 4(b) for =z/h

of 0.21, as expected because the burner noz<le was over-expanded essentially
the same amount for both sets of data.

The local to bulk air distribution data of figure 5(c) show a higher degree
of uniformity than either of the earlier configurations. (See figures 3(c) and
4(c).) The local to bulk oxygen distribi ions of tigure 5(d) alsc show good
uniformity for z/h of 0.5, but are somewhat less uniform with a left to right
gradient for z/h of 0.2.

The local to bulk hydrogen ~istributions of figure 5(e) unfortunately indi-
cate a sizeable lateral gradien' at both verticul locations indicative of a
large temperature gradient. Temperature estimates ire shown on the figure. The
gradient is not as severe as in the thirty-six tube injector data, but is clearly
an unsatisfactory distribution. As no satisfactory hydrogen distributions were
obtained at this stage of the study, it appear~d a more complex heater-injector
configuration was necessary.

Lengthened-Offset Hydrogen lnijectors with Baifle

This configuration was identical to the previous configuration with the
exception of a baffle installed in the plane of the hydrogen injectc:s. The
configuration i~ shown in figure 6(a). The baffle was intended to establish an
air pressure drop, thus increasing the air velucity and resulting in the estab-
lishment of more uniform flow. As the baffle was downstream of the oxygen in-
jectors, a secondary effect was some premixing of the air and oxygen.

Test data pertaining to this configuration are shown in figures 6(b), 6(c),
6(d), and 6(e). Data are shown for two hydrogen injector locations labeled
"initial assemwbly' and 'centered'"; these labels refer to the position of the in-
jectors within the holes in the baffle plate. The injector position change was
accomplished by moving the burner head flange to which the hydrogen manifold is
attached. The set of data labeled "initial assemblv" will be discussed first.

As was the experience with other configurations, no large significant trends are

-narent for the local pitot pressure, local to bulk air, or local to bulk oxygen
ratio. However, the local to bulk hydrogen distribution of figure 5(e) shows a
lz -ge gradient. Temperature extremes are shown on the figure.

It was observed that the hydrogen injectors were not well centered in the
holes in the baffle plate. The burner head flange was therefore shifted until
the best compromise in visual alignment of the injectors was obtained. Data
corresponding to this condition are labeled 'centered" in figures 6(b) tc 6(e).
Pitot pressure in figure 6(b) showed no definitive change, but small changes in
air (figure 6(c)) and oxygen (figure 6(d)) lateral distributions are evident.
However, a dramatic change in the hydrogen distribution shown in figure 6(e) was
noted in that the hydrogen gradient completely reversed trends. It was concluded
the burner-nozzle exit hydrogen profile was extremely sensitive to the air flow
supply distribution through the baffle plate, and a~ -> was possibly sensitive

11
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to the uniformity or the mixing of the hydrogen and air-oxygen at each injector.
The logical next step was to install spacers on the hydrogen fuel injectors to
center each injector in its hole in the baffle plate and thus improve the uni-
formity of the air-oxygen flow distribution.

Self-Centering Hydrogean Injectors

The final modification of the hydrogen injectors was to center each injector
in baffle plate holes as shown in figure 7(a). An accomnanying effect of the
spacers shown in figure 7(a) was a net reduction in flow area of approximately
18 percent, with an associated increase in pressure drop across the baffle plate.
Pitot pressure distributions are given in figure 7(b) for four vertical locations
in the nozzle exit, but no major effect other than over expansion of the nozzle
flow and somewhat greater than typical data scatter is evident. It is observed
that for all the injector configurations tested, even when severe temperature
gradients existed, no significant effect on the pitot pressure distributions was
detected.

The local to bulk air distribution is given in figure 7 c) and shows some ef-
fect of decreasing air with increasing 2z/h. Variation between extremes is on the
order of * 3 percent. Compared to the original injectors local to air distribu-
tior (see figure 3(c)) the variation has been reduced on the order of 50 perceant.

In contrast to the air distribution, the local to bulk oxygen distribution of
figure 7(d) shows a trend of increasing oxygen with increasing z/h. The oxygen
distribution is also skewed to the right side of the nozzle exit (y/w > 0). Vari-
ation between extremes is on the order of * 7 percent. Compared to the original
injector local to bulk oxygen distribution (see figure 3(d)), little improvement
is noted.

The hydrogen distribution for the self-centering injector configuration is
shown in figure 7(e) and varies approximately * 6 percent between extremes for
the entire data range of 2z/h from 0.2 to 0.8. Comparison to figure 3(e) for
the original injector configuration shows the significant improvement in hydrogen
distribution; note the variation is around * 20 percent for the data of figure
3(e) for the original injectors. The hydrogen variation has therefore been im-
proved by a factor of approximately three.

Temperature estimates shown on figure 7(e) for the self-centering injector
configuration show differences between the extremes of 150 K as compared to
490 K for the original injector data of figure 3(e). Therefore, the estimated
temperature variation has been reduced by a factor slightly greater than three.

Based upon the significant improvement in the air, hydrogen, and deduced
temperature distributions relative to the original injectors, and the uncertain-
ties in flow rate and gas sampling measurements, the self-centering injector
configuration was considered to produce acceptable burner-nozzle exit profiles.

As the composition profiles and thus deduced temperature distribution are
acceptable for the self-centering injector, it is of interest to deduce the Mach
number variation from the data of figure 7(b). Using isentropic flow relations

12
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the Mach number variation between extremes is estimated at *3.2 percent. It is
noted the nozzle {s over expanded for this data, which may have some effect on
the Mach number variation, and clearly has some effect on the Mach number level
of the data, as may be seen by comparing the pressure level of figure 7(b) to
figure 3(b).

It is observed that the installation of the baffle plate alone, which tend-
ed to increase the air velocity and promote premixing of the oxyger. and air, was
not sufficient to give satisfactory exit profiles. Only by assuring injector
alignment with the self-centering injectors in association with the baffle plate,
was acceptable burner-nozzle exit profiles obtained. 1t is suggested, therefore,
that the most sensitive phenomenon which affected the profiles was the uniformity
of the air distribution supplied to the combustion chamber. Therefore, in the
design of combustion burners the designer must recognize the necessity to accept
significant air pressure drop to achieve the required uniformity of air distribution.

The final burner injector configuration, relative to the original burner
injector configuration, produced significant improvement in uniformity of the air,
hydrogen, and deduced temperature distributions in the burner-nozzle exit flow,
and insignificant effect upon the oxygen and pitot pressure distribution.

CONCLUDING REMARKS

As a result of the ne. d for a uniform hot gas test stream for fuel injector
development for hydrogen fueled supersonic ramjet combustors, a study of the ef-
fect of varying the injector configuration of a hydrogen-fueled, oxygen-replen-
ished combustion burner has been conducted. The purpose of the study was tu elim-
inate an unsatisfactory composition profile, ana associated temperature profile
observed in the burner-nozzle exit flow. The composition and deduced temperature
profiles were reduced to an acceptable level by determining a suitable location
for the hydrogen injectors and installing a baffle in the plane of the hydrogen
injectors. It was found necessary to redistribute the hydrogen fuel, increace
the air pressure drop, promote premixing of the oxygen and air, and establish a
uniform flow pattern where the oxygen-air mixture comes into contact with the
hydrogen fuel. This was achieved by progressive modification of the burner in-
jector configuration. It is believed the most sensitive phenomenon which affect-
ed the composition profiles was the uniformity of the air distribution supplied
to the combustion chamber. Therefore, in the design of combustion burners the
designer must recognize the necessity to accept significant air pressure drop to
achieve the required uniformity of air distribution.

Relative to the original burner injector configuration, the final injector
configuration produced significant improvement in uniformity of the air, hydrogen,
and deduced temperature distributions in the burner-nozzle exit flow, and insig-
nificant effect upon the oxygen and pitot pressure distributions. In addition,
the pitot pressure distribution was found to be insensitive to severe gradients
in hydrogen composition and temperature. This fact emphasizes the necessity for
local gas composition measurements in order to assess the uniformity and accept-
ability of combustion burmer performance.

13
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APPENDIX A

Gas Sample Data Reduction Procedure

The purpose of the gas sample measurements was to evaluate how uniformly
the various injector configurations distributed the gases at the burner-nozzle
exit, As shown in the following simplified burner schematic, gas supplied to

the burner comes from three separate sources and consists of air, hydrogen, and
oxygen, the latter containing heiium tracer.

AIR
i COMBUSTION
BURNER
1 \_
D X
‘n r
~GAS SAMPLE
HZO He, H2, 02,
02 AQ,A

BURNER SCHEMATIC
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In order to distinguish between the oxygen from the air and the oxygen
supplied irom the storage vessel, approximately 1 percent of helium by volume
was added to the stored oxygen. In this Appendix, the latter source of oxygen
will be referred to an oxidant. The distinction between oxidant and pure oxygen
is not made in the main body of this report as the difference in terms of local
to bulk mass fraction ratio is insignificant. The oxidant contains oxygen, the
added helium, and trace amounts of nitrogen as an impurity. The helium serves
to identify the oxidant distribution and the nitrogen in the air serves to iden~
tify the air distribution at the burner-nozzle exit through the use of the gas
saumple measurements.

As noted in the section entitled Apparatus and Procedure and illustrated on
the burner schematic, water condensed from the gas samples. Therefore, the gas
sample collection and analysis result is mole fractions of helium, hydrogen,
oxygen, nitrogen, and argon on a dry basis. That is, the samples did not direct-
ly account for the water content of the test gas from the burner. However, the
water distribution and therefore the hydrogen distribution at the burner-nozzle
exit is computable from other gas sample measurements because of the use of the
helium tracer in the oxidant supply. Conversion of the gas sample dry analysis
to a wet basis (which includes water) is performed by a computerized data reduc-
tion program.

For each gas sample the mole fraction of water is computed by the following
procedure: by use of the helium tracer the local amount of oxygen from the
oxidant is determined. Similarly, by use of the nitrogen, the oxygen from air
which should be at a point is determined. The difference between the computed
oxygen from the two sources, and the measured free oxygen has reacted to water.
The equations used are as follows, where first the mole fraction of oxidant and
air are computed. The local mole fraction of oxidant Bo '3 given by equation
1.

N
B =1 (dry basis) (1)
o C
he
In equation 1, N is the mole fraction of helium from the dry gas sample

he
analysis and Che is the mole fraction of helium in the oxidant supply. Simi-

larly, the local mocle fraction of air, Ba is given by equation 2.

N - BC,
B, = e : 0 (dry basis) (2)
n

In equation 2, Nn is the mole fraction of nitrogen from the dry gas sample
analysis; B0 is defined by equation 1; Cn is the mole fraction of nitrogen
in the oxidant; and An is the mole fraction of nitrogen in air. From the
results of equations 1 and 2 the mole fraction of water, Nw (the units of Nw

are moles of water per mole of dry gas mixture) is given by equation 3.
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N" = (BaAo + Boco - No) (dry basis) (3)

In equation 3, Bo and Ba are from equations 1 and 2, respectively; Ao is
the mole fraction of oxygen in air; Co is the mole fraction of oxygen in the
oxidant; and No is the local oxygen mole fraction from the dry gas analysis.

The factor "2" comes from the fact that one mole of oxygen forms two moles of
water. To complete conversion of the dry gas sample analysis to a wet basis,
the water mole fraction computed in equation 3 is added into the dry gas mixture.
The sum of the mole fractions S, is given by equation 4.
S=N +N +N +N +1, +N (4)
w o] n

h A he

In equation 4, Nw is from equation 3, and the remaining terms are mole frac-

tions of hydrogen, oxygen, nitrogen, argon, and helium which are the results of
the dry gas sample analysis. The mole fraction of each constituent on a wet
basis is therefore the mole fraction of each constituent as given in the individ-
ual terms of equation 4, divided by the sum S. For example, the mole fraction
of oxygen on a wet basis No w is given by equation 5.

(wet basis) (5)

Similarly, all other mole fractions on a wet basis may be computed thus determin-
ing the gas constituents of interest in the test gas stream.

For purposes of examining the injector performance in the burner, it is
desirable to examine the distributions of air, oxidant, and hydrogen in the
burner-nozzle exit. Since each of these gases is associated with a particular
supply and injentor configuration, maldistribution of a particular gas may give
a r".ue as to what injector modification is required. The local oxidant and air
.. le fraction have already been determined from the gas analysis results as
given by equations 1 and 2. It remains to compute the hydrogen concentration
from the measured free hydrogen and the hydrogen in the computed water, and foru
the new mole fractions for the mixture of hydrogen, air, and oxidant.

Recognizing that one mole of hydrogen reacts to form one mole of water,
the hydrogen mole fraction Bh is given by equation 6.

Bh =N +N (dry basis) (6)

In equation 6, Nh is the hydrogen mole fraction from the dry gas sample analy-
sis and Nw is given by equation 3. For the unreacted gas mixture at the burner-

nozzle exit the local air B , local oxidant B , and local hydrogen 8 ’
a, & o0,% h, &

mole fractions are given by equations 7, 8, and 9, respectively.

s e e Ler B
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B = ¢))
a, 4 Ba+80+8h

B
B - —— (8)
0,2 Ba + Bo + Bh

B

B o= TR TR ®
h,2" B, +8_* 8

In equations 7, 8, and 9, Ba is given by equation 2, Bo by equation 1, and
Bh by equation 6. The conversion of the mole fractions, given by equatiomns 7,
8, and 9, to mass fraction requires use of the mixture molecular weight Mm
given by equation 10.

= 0
Mm MaBa,JI. + MoBo,F. + MhBh,Jl (10
In equation 10, Mﬂ, Mo’ and Mh are the molecular weights of air, oxidant,

and hydrogen, respectively. The local mass fractioms of air aa 2 oxidant
’

ao I and hydrogen o o are given by equations 11, 12, and 13, respectively.

M

= 2
aa,l M Ba,l (11)

m

Mo
ao,i- M_ 60,2 (12)

m
% g MiBh ) (13)

1 ] m ’

A measure of how evenly a particular burner injector configuration distributes
each gaseous component, is the ratio of the local mass fractions given by
equations 11, 12, and 13 to the bulk mass fractions. The bulk mass fractions of
air Oy oxidant ays and hydrogen o~ may be calculated from the metered

flow rates to the burner as follows:

m
a
a mh+mo+ma

—

i
| '
| 1
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0"o - mh + mo + ma (15)
R S (16)

mh + mo + ma

In equations 14, 15, and 16, m, W, and m_  are the measured mass flow rates
of hydrogen, oxidant, and air to the burner, respectively. The local to bulk
mass fraction ratios of air a;, oxidant E;, and hydrogen 55 are given by

equations 17, 18, and 19, respectively.

o = = an

o = -2z (18)

o = o (19)

Note, the distinction between oxygen and oxidant, the latter of which con-
tains the helium tracer and possible trace amounts of nitrogen, is not made in
the main body or figures of this report, as the difference in terms of local to
bulk mess fraction ratios is insignificant.

The gas analysis results reported herein are given in the form of the un-
reacted local to bulk mass fraction ratios, as given by equations 17, 18, and
19. The ideal injector configuration in association with negligible experimental
error, would result in values of unity for the local to bulk ratios for all
locations in the burner-nozzle exit flow. Discussion of the effects which may
cause the local to bulk ratios to deviate from unity, may be found in the section
entitled ""Results and Discussion'.




APPENDIX B

Chromatograph Parameters

Separation of the gas samples into components of helium, hydrogen, oxygen,
and nitrogen was accomplished by passing the sample through a gas chromotograph
setup. Pertinent information on the setup is as follows:

Column - 7.6 m long, 0.23 cm internal diameter

Adsorbent - Molecular sieve type 13X, 30/60 mesh

Carrier Gas - Argon, 38 cc/minute

Detector - Thermistor

Column Temperature - 315 K

Gas Injector Volume - Approximately 2 cc

Analysis Time - 6 minutes
A 0.30 m long, 0.46 cm internal diameter molecular sieve section was installed
ahead of the column to absorb any trace of moisture in the gas sample. This
section was replaced periodically and served to protect the colum, as molecular

sieve colums deteriorate rapidly when exposed to moisture. The length of the
colum was dictated by the requirement to separate helium and hydrogen, which

is a relatively difficult separation to attain.
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